The aim of this research is to assess the possible use of Italian zeolitic rocks for the production of lightweight aggregates. In particular, both the expansion at high temperature and the technological features of fired products were investigated. Fifteen zeolite-bearing volcanoclastites from Northern Sardinia and three zeolitized tuffs from Campania and Tuscany (Sorano and Campanian ignimbrites and Neapolitan Yellow Tuff) were taken into account. The firing expansion turned out to be mainly dependent on the chemical composition (especially SiO2 and fluxing oxides such as Fe2O3, Na2O, K2O, MgO and CaO) and the water content (largely related to the zeolite amount) of the raw materials. Other relevant parameters were the temperature of maximum expansion (ranging between 1350°C and 1500°C, without additives) and soaking time (between 2 and 5 minutes). Some products are highly impervious to water (water absorption below 1%) and exhibit a considerable firing expansion (>100% in volume), a low bulk density (0.5-0.7 g⋅ cm -3
Introduction
Aggregates are commonly defined as natural or artificial incoherent materials constituted by elements with different grain size. They are generally used in the production of concretes or as raw materials for the manufacture of "concrete bricks", through compaction, sometimes using binders. Lightweight aggregates are defined as materials lighter than water and distinctly more porous than sand, gravel and ground rock, which are commonly referred to as "dense" aggregates (Klinefelter, 1960; Dower, 1987; Loughbrough,1991) . In fact, the unit weight of lightweight aggregates is 2 / 3, but sometimes also 1 / 3, than dense aggregates (Bates, 1969) . This feature sensibly reduces the bulk density (i.e. the load transmitted to the soil) and makes easier to work and transport the lightweight products.
An expanded aggregate is formed by quick heating at high temperature of materials which are able to bloat. Three conditions are necessary to get a suitable expanded material (Riley, 1951): − CO and CO2 from the combustion of organic matter, − CO2 from the dissociation of carbonates, − oxygen and carbon dioxide formed from the reduction of ferric iron, − SOx from sulfide oxidation, − F and Cl from clay minerals. Artificial gas-releasing materials are basically coal, waxes or hydrocarbons which combustion leads to the development of carbon dioxide and monoxide (Katantseva(Kazantseva et al., 1996 and .
The natural materials mostly used for the production of lightweight aggregates are sedimentary or very low grade metamorphic rocks, such as clays or shales (Purbrick, 1991) . The main constituents of these rocks are: mica-illite, kaolinite, smectite and chlorite, along with variable amounts of quartz, feldspars, carbonates, iron oxi-hydroxides and minor sulfides and organic matter. SomeAs some of these components (e.g. iron or calcium compounds) contain the chemical elements considered in the so-called fluxing parameter (fluxing = CaO + MgO + Na2O + K2O + Fe2O3; Riley, 1969) , their presence may also influencethe the softening and melting temperatures as well as the bloating of aggregates.
Even volcanic rocks can be used to obtain lightweight aggregates, for example perlite, that is mainly constituted by hydrated glass, and zeolitized volcanoclastites (Colella et al. 2001 and therein references). The high water content of zeolites makes the latter materials quite interesting for the production of lightweight aggregates, as demonstrated by the interesting results achieved using Siberian zeolitized materials (Katantseva(Kazantseva et al., 1996 and .
The occurrence in Italy of huge zeolite deposits de' Gennaro et al., 2000; Cerri et al., 2001) , not yet extensively exploited, drove this investigation to appraise the behaviour of different zeolites as raw materials for lightweight aggregates.
Materials
Most of the materials examined come from Northern Sardinia and particularly from the Logudoro region (Sassari province), except the sample LB that was collected in the Goceano region (Nuoro(Sassari province). All Sardinian samples belong to a volcanosedimentary succession generally resting on the Palaeozoic basement and linked to a calcalkaline eruptive activity, oligo-aquitanian in age. Moreover, inIn the Logudoro region, the circulation of hydrothermal fluids through a faults system caused the transformation of the rhyolitic glassy fraction of epiclastic and unwelded pyroclastic deposits in clinoptilolite, smectite and opal-CT (Cerri et al., 2001; Cerri, 2000) . 2000). The following units were recognized, from the bottom to the top (Cerri & Oggiano, 2002; Cerri et al., 2001; Cerri, 2000; Langella et al., 1999) : a) "Lower Ignimbrite", usually more than 100 meters thick, further subdivided in three cooling subunits: "B" basal, zeolitized (samples: 48, coming from the locality S'Ena Sa Rughe; 62 -Su Solianu; 85 -Badiamenta); "W" welded, unzeolitized; "T" top, zeolitized (55 -Linnalzos; 64 -Pianu de Puma; 83 -Palapinta). b) "Badu e Giaga Epiclastics", pomiceous-ashy epiclastites of lacustrine environment; this unit, with a thickness ranging between few to 30 m, shows the most abundant and uniform zeolitization (samples: 40 -Tanca e Pedde; 49 -Abialzu; 56 -Badu e Giaga). c) "Upper Ignimbrite", in general widely zeolitized and weakly welded; its variable thickness sometimes exceeds 60 m (samples: 15 -Pianu Istara; 18 -Sorca; 58 -Badu e Giaga; 77 -Marchidu; 80 -Monte Airadu). Sample LB contains small pumice and shards transformed into clinoptilolite. This deposit is characterized by geological features similar to those shown by the epiclastic unit surveyed in Logudoro region, and also the chemical and mineralogical composition are strictly close to those of some epiclastic rocks of Logudoro. Data so far available allow only to hypotise that these epiclastic layers belong to the same stratigraphic unit (Cerri, 2000) .
Furthermore, three other products from Central and Southern Italy have been investigated:
1. Sorano Ignimbrite (IS) 2. Neapolitan Yellow Tuff (TGN) 3. Campanian Ignimbrite (IC) IS represents a set of pyroclastic flow deposits deriving from the activity of the Latera volcano (Vulsini Volcanic District). It is commonly referred to as "Ignimbrite D" (Sparks, 1975) , "Lithoid Yellow Tuff" (Nappi, 1969) or "Sorano Formation" (Vezzoli et al., 1987) , and it is characterized by a trachytic composition, a fine grain size and a thickness sometimes reaching some tens of meters. The deposits were affected by epigenetic zeolitization processes, which led to the crystallization of chabazite and subordinate phillipsite by interaction of the volcanic glass with hydromagmatic or meteoric fluids . The sample was collected in Pian di Rena locality (Sorano, Grosseto province).
TGN is the product of a huge eruption that took place about 12,000 years b.p. within the volcanic area of Campi Flegrei (Naples). It is characterized by both lithified and unlithified facies. The former (member B) shows a typical yellow colour, it is deeply zeolitized and outcrops mainly in the most proximal areas, where it can even reach a thickness of about 100 m. The unlithified facies (member A) is grey in colour, poorly mineralized and outcrops in the most distal areas; its maximum thickness is 25 m (de' Gennaro et al., 2000; Scarpati et al., 1993) . The sample was collected in Grotta del Sole locality (Quarto, Naples province).
The Campanian Ignimbrite (IC) is the product of another eruption of the Campi Flegrei volcanic area (37.000 y.b.p.). It is a trachytic pyroclastite mainly constituted by scoriae and pumice in a cineritic matrix. Two different lithofacies can be recognized: a yellow one, characterized by the presence of zeolites, and a grey one, with epigenetic feldspars (Di Girolamo, 1968) . The former is commonly considered a chabazite-bearing facies, though some deposits or particular layers can be found with a phillipsite content similar or higher than that of chabazite. The zeolite amount, generally close to 50%, in some deposits can even reach about 80% (Buondonno et al., 1997) . The sample was collected in S. Nicola la Strada (Caserta province).
Methods
Raw materials were characterized from the mineralogical and chemical points of view. The mineralogical analysis was carried out by XRPD (CuK radiation, Philips, PW 1730), performing a quantitative interpretation by the "Reference Intensity Ratio" (RIR) technique (Bish and Chipera, 1988) . The chemical analysis wasof samples IC, IS, TGN and LB were carried out by ICP-OES (Varian, Liberty 200) while loss on ignition was evaluated as weight percent difference between 100 °C and 1000 °C. As far as other samples are concerned, the chemical analysis are as reported in Cerri et al., 2001 . The procedure followed for the production of the aggregates consisted in: − jaw crushing and hammer milling; − dry pressing (15 MPa) to form two kinds of cylindric pellets with volume 0.31 cm 3 and 3.36 cm 3 respectively; − firing in an electric laboratory kiln (Ero Electronic) at several maximum temperatures up to 1500 °C; − pellets were placed in the kiln, on an alumina basement, directly at the maximum temperature for 2-5 minutes of soaking time, then quenched in air.
The following parameters were determined (at least 3 measurements) on fired products: volume, bloating index, bulk density and water absorption. The volume of the aggregate (Va) was measured as weight difference according to Archimedes' principle: Va = (W1 -W2 + W3)/w where Va = P1 -P2 + P3, where P1W1 is the weight of thebecker filled with water + sample, P2 that of the beckerbeaker completely filled with distilled water; water and P3 that of the sample. W2 is the weight of the beaker with the sample inside, measured after a complete forced plunging of the sample itself; W3 is the dry weight of the sample; w is the density of distilled water, assumed equal to 1 g⋅ cm -3
. It was considered that no significant amount of water gains access into the aggregates during the brief time required by the measure, given the low permeability of their external surface. The bloating index (BI) was expressed as volume change after firing: firing: BI = (Va -Vp) / Vp, Vp where Vp is the initial volume of pellet. pellet. The bulk density was calculated as dry weight (Wd)/ Va ratio. W3/ Va ratio. The water absorption (W) was measured after 72 hours of immersion in distilled water:
water: W = 100 (Ww-Wd)/Wd, W = 100
where Ww is the water-saturated weight.
Furthermore, a big amount of lightweight aggregates were prepared with sample LB, selected on the basis of its suitable technological behaviour and particularly the considerable economic interest of its deposit (Cerri et al., 2001; Cerri and Oggiano, 2002) . Both the loose weight and the strength of particles were tested according to Italian standard UNI 7549. Two different particle sizes were used: one set was constituted by aggregates 23-27 mm in size, the second consisted in smaller sized aggregates (11-13 mm). These sets were obtained starting from 3.36 cm 3 and 0.31 cm 3 pellets respectively (Fig. 1) .
Qualitative mineralogical analyses (XRPD, Philips, PW 1730) and microstructural observations (SEM, Jeol, JSM 5310) were carried out on the fired materials.
Results and discussion

Composition of raw materials
The selected Sardinian volcaniclastic products are characterized by clinoptilolite as main component, ranging from 32% to 81%, associated to minor K-feldspar (8-28%), quartz (2-26%), opal (3-25%), smectite (0-14%) and traces of mica (Table 1 ). The tuffs from Tuscany and Campania exhibit different types and amounts of zeolites: chabazite(6-(6-61%), phillipsite (12-42%) and analcime (6-7%), which are accompanied by K-feldspar (15-25%), volcanic glass (0-19%) and traces of smectite, pyroxene and mica (Table 1) .
ThisThe marked difference between the Sardinian epiclastitesrocks and the volcaniclastites from Central-Southern Italy is confirmed byevident also considering the chemical composition (Table 2 ). The former have a high silica content, generally more than 63%, moderate amounts of alumina (11-14%), and low concentrations of iron, alkaline and alkaline-earth oxides. Influxing (8-13%). The contrast, the latter show a lower SiO2/Al2O3 percentage (50-55%) and high values of fluxing, i.e. the sum of CaO, MgO, Na2O, K2O and Fe2O3 (Riley, 1969) . Samples 48 and 64 are characterized by an intermediate chemistry between the Sardinian and Campanian types (Table 2) .fluxing (16-21%).
However, allAll samples plotted in the SiO2/Al2O3/fluxing diagram (Riley, 1969) fall in the field of bloating materials (Fig. 2) .
Firing behaviour
The firing behaviour of zeolitic materials was appraised determining empirically an optimal thermal cycle (maximum temperature and soaking time corresponding to the maximum bloating), evaluating the aspect and measuring the volume, the bloating index and the bulk density of aggregates (Table 3) .
The aggregates generally exhibit a hemispherical shape, due to the surface in contact with the refractory support. The Sardinian samples present rather regular and rounded shapes, whereas the others have an irregular and more flattened geometry (Fig. 3) . Microstructural observations showed an internal system of closed porosity, that is coarsening from the centre to the surface of the aggregate, with a mean pore diameter growing from 10 m up to 800 m (Fig. 4) .
Both the optimal temperature (Tb) and the soaking time (ts) are well correlated with the chemical composition of zeolitic tuffs: the higher the silica/fluxing ratio, the higher the Tb (Fig. 5) . As a matter of fact, ts is 2-3 minutes for silica/fluxing ratios lower than 4.6, and 3-4 minutes for higher values.
In these firing conditions, the average volume of aggregates ranges from approximately 3 to 10 cm 3 , with a greatly variable bloating index: from 1 up to 3 (Table 3 ). The largest values (BI about 3) correspond to a bulk density around 0.5 g⋅ cm ). In particular, IS and 6256 behave anomalously: the former lost some dust during firing, so that the final product is not representative of the initial mass, while the latter expanded only in the upper portion of the specimen.
All aggregates are impervious to water (water absorption below 1%) except for samples 62, 85 and 55, that are characterized by W >10%.
The phase composition of lightweight aggregates is somehow related to the mineralogy of raw materials: some residual feldspar is preserved and trydimite is formed in the fired Sardinian epiclastites.rocks. On the other hand, traces of leucite, after thermal transformation of phillipsite, were found in the aggregate produced with CIIC and TGN volcanoclastics. Glass is always abundant in the fired materials and its amount generally depends on the starting zeolite and volcanic glass contents.
Technological properties
Several zeolitic tuffs produced lightweight aggregates with a bulk density comparable to that of the so called expanded clays, which is in the 0.5-0.7 g⋅ cm -3 range.
The values of loose weight and strength of particles, determined on both sizes (23-27 mm and 11-13 mm) of the aggregates manufactured with sample LB, are summarized in Table 4 . Coarse-grained aggregates exhibit a lower loose weight, though fine-grained aggregates have a better mechanical strength.
If compared with high quality products (LECA, Light Expanded Clay Aggregate), theA significant comparison between the technological features of the expanded aggregates obtained from zeolitic tuffs and a high quality commercial products (e.g. LECA, Light Expanded Clay Aggregate; Laterlite, 2002) can be performed only considering a similar size (Table 4) . So, it is better to compare the LB smaller size (11-13 mm) wtih the LECA 8-12 mm size only: the LB aggregates are slightly denser (340-380 versus 320-340 kg·m ) and show an almost identical resistance (0.95 versus 1.0 MPa). It should be remarked that LECA products are more heterogeneous in grain size: this fact could contribute to improve their mechanical size ofproperties. By observing, in the commercial lightweight aggregates.product, the esponential worsening of the resistance with size increase, similar values between LECA products and LB aggregates 23-27 mm in size can be reasonably inferred.
Factors affecting bloating of zeolitic materials
The bulk density of lightweight aggregates is strictly related to the bloating index (Fig.  6) . The driving force of this expansion is essentially the occurrence of thermally instable, gas-releasing phases (Riley, 1969) . For the investigated materials, this gas is largely represented by water vapour, deriving from the dehydration (and, to a lesser extent, dehydroxylation too) of zeolites and, secondarily, smectite, opal and volcanic glass. However, the correlation between bulk density of aggregates and the loss on ignition of raw materials has a low statistical significance (correlation coefficient: R 2 = 0.62) suggesting that other factors affect the expansion mechanism (Fig.7) .
For this purpose,7). In this phenomenon, an important role is played by the viscosity of the liquid phase formed at high temperature, that basically depends on its chemical composition, in particular the amount of silica and fluxing elements (Riley, 1969; Cambier and Lériche, 1996) . In fact, plotting the silica/fluxing ratio versus the bulk density of aggregates (Fig. 8) , samples appear to be aligned for similar L.o.I. contents (especially 15, LB, TGN, IC and IS). This circumstance could be explained by considering that the higher the silica/fluxing ratio, the higher the viscosity of the liquid phase. Consequently, a more viscous body will entrap more gas bubbles, resulting in a more porous and lightweight aggregate. However, too high silica/fluxing ratios bring about the formation of an insufficient amount of liquid phase, though highly viscous, preventing the material from vesciculation, since gas evolution occurs below the softening temperature. So, the behaviour of sample 56, that exhibits just a slight expansion at 1500 °C, can be justified for its L.o.I. and SiO2/fluxing values (10.4% and 8.3 respectively).
On the other hand, a low SiO2/fluxing ratio involves a lower melting temperature and a lower viscosity of the liquid phase, which is unable to entrap a significant amount of gas and thus to bloat during firing. This is probably the case of samples IC, IS and TGN that, notwithstanding a loss on ignition similar to that of some Sardinian volcanoclastites (e.g. 15 and LB), underwent only a limited expansion (bulk density close to 1 g⋅ cm -3
). Even the shape of these aggregates, irregular and flattened, denotes the development of a large amount of a low viscosity melt.
The magnitude of bloating can be predicted with a reasonable accuracy on the basis of the loss on ignition as well as the silica/alumina and silica/fluxing ratios of raw materials. The results of a multiple regression analysis, performed with the bulk density as dependent variable and the above-mentioned parameters as independent ones, are summarized in Fig. 9 . In particular, to get aggregates with bulk density in the 0.5-0.7 g⋅ cm -3 range, volcanoclastites with both L.o.I. higher than 10%, SiO2/fluxing ratio between 4 and 7.5, and silica/alumina ratio in the 4-5.6 range should be used. Being L.o.I. in these products a function to a large extent of the zeolite content, raw materials with a zeolite amount ≥ 50% should be preferred.
Conclusions
Zeolitic tuffs can actually be used in the production of lightweight aggregates, even without any gas-releasing additive. The aggregates prepared at a laboratory scale exhibit bulk density values analogous to those of commercial products, such as expanded clays, as well as loose weight (around 0.3 kg·m -3
) and mechanical strength (up to 8 kg·m -3
) not far from0.95 MPa) comparable to the requirements for high quality lightweight aggregates.
The best results were obtained with clinoptilolite-rich epiclastites,rocks, characterized by rather high silica/fluxing ratio, which gave low density aggregates after firing at 1430-1500 °C (down to 0.5 g⋅ cm -3
). In contrast, the firing (1350-1400 °C) of chabaziteand/or phillipsite-rich volcanoclastics, with lower silica/fluxing ratios, produced just limited expansion (bulk density at best 0.9 g⋅ cm -3
). Bloating depends to a large extent on the chemical composition and it can be predicted with a reasonable precision on the basis of the loss on ignition, silica/alumina and silica/fluxing ratios of zeolitic materials. In particular, in order to get aggregates with bulk density in the 0.5-0.7 g⋅ cm -3 range, L.o.I. >10%, SiO2/fluxing ratio in the 4-7.5 range and SiO2/Al2O3 ratio between 4 and 5.6 should be used, preferring raw materials with a zeolite amount ≥ 50%.
The results achieved in the present study are opening new perspectives for a commercial use for some of the investigated materials. This prospect is even more attractive considering both the low cost of raw materials and the simple technology used for the aggregate manufacture.
Further possibilities to be pursued with these aggregates concern both the behaviour in concretes and the manufacturing of ultra-lightweight products through the addition of gasreleasing substances (e.g. SiC, hydrocarbons, etc.). Published on Applied Clay Science, 25 (2004) Mul ti pl e regressi on correlation coeffi ci ent R=0.861 Probabi l i ty l evel p<.00021
